One polypeptide subunit of cytochrome c oxidase (EC 1.9.3.1) and two subunits of the ATPase/ATP synthase (EC 3.6.1.34) in mitochondria of Neurospora crassa are covalently modified with a derivative of pantothenic acid. In asexual spores of a pantothenate auxotroph of Neurospora, deprivation of pantothenic acid blocked the increase of the specific activities of cytochrome c oxidase and the ATPase above the basal activities in the dormant spores. Under cellular panthothenate deprivation, all the subunit peptides ofthese two enzymes apparently were synthesized and accumulated in the mitochondria, but these subunits were not assembled into normal complexes, and 55Fe-labeled heme a was incorporated into immunoprecipitable cytochrome c oxidase to a very low extent. In pantothenate-supplemented cells, the pantothenate derivative apparently is attached to the free unassembled subunits and appears not to be present in the assembled enzymes. It is likely that cellular deprivation of pantothenate, resulting in failure to modify the three subunit peptides, causes an interruption of the assembly pathway of cytochrome c oxidase and the ATPase/ATP synthase.
Enzymes of the inner membrane of mitochondria seem to possess few of the covalent modifications, such as glycosylation, fatty acid acylation, and phosphorylation (1) , found in other proteins that may affect protein cellular localization or activity. We recently determined, however, that there are three cytoplasmically synthesized proteins in mitochondria of Neurospora crassa that contain a covalently attached derivative of pantothenic acid (2) ; one of these proteins is subunit 6 of cytochrome c oxidase (EC 1.9.3.1) and two of them are subunits (tentatively identified as 8 and 11) of the ATPase/ATP synthase (EC 3.6.1.34). This pantothenate derivative attached to the Neurospora mitochondrial proteins is 4'-phosphopantetheine (3) .
The dormant conidiospores of Neurospora contain a preserved respiratory system that functions in the activated germinating spores; however, it is superseded later in germination by a system whose components are newly synthesized and assembled (4, 5) . In this study we employed the spores of a pantothenate auxotroph to examine the consequences of pantothenate deprivation upon the cells' ability later in germination to assemble new components of a functional ATPase and cytochrome c oxidase. We found that attachment of the pantothenate derivative is apparently required for assembly of some of the subunits into the enzyme complexes, and in the absence of pantothenic acid, only partial assembly of these two enzymes occurs.
MATERIALS AND METHODS
A N. crassa strain (pan-2) auxotrophic for pantothenic acid was obtained from the Fungal Genetics Stock Center (Arcata, CA) and grown on a sucrose/minimal salts medium supplemented with agar and the minimal quantity of pantothenic acid (0.33 ,g/ml of medium) that allowed conidiation. These conidia, or asexual spores, were dependent upon pantothenic acid for subsequent germination in liquid medium (the concentration used in these germination experiments was 10 ,ug/ml). All other techniques used in this study have been described in detail elsewhere, including harvest of dormant spores under nonactivating conditions (5) , spore germination (4, 5) , measurement of enzyme activities (4, (6) (7) (8) , radiolabeling of the germinating spores (4, 6) , extraction of mitochondria from cells and immunoprecipitation with enzymeor subunit-specific antisera (4, 6, 7) , and electrophoresis of the radiolabeled immunoprecipitates in sodium dodecyl sulfate/polyacrylamide gels (9 Biosynthesis and Assembly of ATPase/ATP Synthase. We employed immunoprecipitation assays and electrophoresis to measure the consequences of pantothenate deprivation upon the synthesis and assembly of the ATPase. Spores produced on low-pantothenate medium were incubated in media with or without pantothenate, and they were radiolabeled with
[35S]methionine during the last 60 min of a 360-min germination period. The mitochondrial fraction was prepared from the spores, and the detergent-lysed mitochondria were treated with antisera to Fl-ATPase (7, 11) or to the dicyclohexyl carbodiimide-binding (proteolipid) subunit of the membrane sector of the F1FO-ATPase (7) . The radiolabeled immunopre- Biochemistry: Brambl and Plesofsky-Vig   TO   3646 Biochemistry: Brambl and Plesofsky-Vig the subunit peptides (Fig. 2) . In contrast, immunoprecipitates from counterpart mitochondria of pantothenate-deprived spores contained only small quantities of labeled subunits 1 and 2 of the F1 sector and sharply reduced quantities of most other subunits. However, a relatively large quantity of subunit 5 clearly was associated with the labeled proteolipid subunit of pantothenate-deprived cells, in contrast to the absence of this subunit from precipitates obtained with the F1 antiserum. These results with the two types of ATPase antisera demonstrate that in the absence of pantothenic acid the mitochondria are able to accumulate most or all of the enzyme subunits, but these subunit peptides do not associate with each other to the usual extent.
Biosynthesis and Assembly of Cytochrome c Oxidase. We employed immunoprecipitation assays like those described for the ATPase to determine the effects of pantothenate deprivation upon the synthesis and assembly of cytochrome c oxidase in spores labeled with [3H] leucine during the last 60 min of a 360-min incubation. In Fig. 3 are plotted the results of an electrophoresis of the cytochrome c oxidase immunoprecipitates obtained from mitochondria of spores incubated in the pantothenate-supplemented and unsupplemented media. Antiserum prepared against the native holoenzyme or against the dissociated subunits of the enzyme (6) precipitated similar proportions of all radiolabeled subunits of the enzyme from mitochondria of both types of cells. Since the two types of antisera used here recognize some or all of the free subunits as well as subunits incorporated into a complex, this experiment demonstrates that all seven subunits are synthesized and accumulated within the mitochondria, but it does not indicate which of the subunits are assembled into an enzyme complex.
Antisera prepared against specific purified subunits of cytochrome c oxidase (12) were employed to help determine whether pantothenate deprivation affected assembly of the subunit peptides into a mature; enzyme. A subunit-specific antiserum should precipitate only the individual subunit and any other subunits associated with it. An electrophoretic analysis of immunoprecipitates obtained with an antiserum to subunit 2 is presented in Fig. 4 . In mitochondria from spores germinated in media with or without pantothenate, the subunits of cytochrome c oxidase were assembled into a complex that was recognized with the subunit 2-specific antiserum. However, from cells incubated without the pantothenate supplement, the precipitated cytochrome c oxidase complex contained not only lower quantities but also irregular proportions of the subunits, compared to the complex precipitated from pantothenate-supplemented cells. Subunits 1, 3, 4, 6, and 7 were present in very low quantities in this precipitation with an antiserum to subunit 2 or in similar assays with individual antisera to subunits 5, 6, and 7 (data not shown). Subunits 2 and 5, however, consistently were present as a prominent pair in all these immunoprecipitates from mitochondria of pantothenate-deprived cells; these complexes contained 2 to 3 times more subunits 2 and 5 in relation to the remaining subunits than complexes of normal mitochondria. Control assays with antiserum to the holoenzyme showed that all subunits were radiolabeled within 3 min and present in the mitochondria in normal proportions, indicating that possible differences in subunit pool sizes did not determine the relatively high quantities of radiolabeled subunits 2 and 5 in the complexes. This enrichment of subunits 2 and 5 in the subunit-specific immunoprecipitates from pantothenate-deprived cells could result from an interruption in enzyme assembly.
We performed quantitative immunoprecipitation assays of cytochrome c oxidase labeled with "Fe to assess the extent of assembly of this enzyme in cells incubated in media with Proc. Natl. Acad. Sci or without pantothenate. We assumed that the noncovalent insertion of the Fe-containing heme a moiety is one of the final steps in the assembly of the subunits into a functional enzyme, and we expected that the amount of "Fe incorporated into the enzyme accurately reflects the relative quantities of cytochrome c oxidase assembled in the two types of cells. Spores incubated with or without pantothenate were labeled for 60 min with "FeCl2 after 300 min of germination, and increasing quantities of extracted mitochondrial protein (0.25-2.0 mg) were treated with a constant quantity of antiserum; antigen-IgG complexes were isolated with protein A coupled to Sepharose. The quantity of "5Fe-labeled enzyme immunoprecipitated from mitochondria of control cells was proportional to the amount of mitochondrial protein, increasing in a linear manner; but, in contrast, the titration curve for radiolabeled cytochrome c oxidase from mitochondria of pantothenate-deprived cells failed to increase beyond an initial low value (Fig. 5) subunits is required for the complete assembly of their respective enzymes. Although attachment of 4'-phosphopantetheine (3) appears to be required for assembly of these two enzyme complexes, removal of the pantothenate derivative from the modified subunits may occur before assembly of the enzyme complexes is completed or soon after completion, since most of the protein-associated radiolabeled pantothenate in the mitochondria seems bound to free subunits rather than to the enzyme complexes.
Subunit-specific precipitation assays indicated that partially assembled complexes of cytochrome c oxidase and ATPase are present in mitochondria of pantothenate-deprived cells. In these assays, enzyme complexes enriched in some subunits and depleted of others were precipitable with antisera to individual subunits or sectors of each enzyme. In pantothenate-deprived cells, subunits 1 and 2 of the F1 sector were present in immunoprecipitates obtained with the F1-ATPase antiserum, but subunits 5 and 12 appeared not to be associated with the F1 subunits in these assays or associated in greatly reduced amounts. In assays of these mitochondria with the antiserum to the proteolipid subunit 12 of the FO sector, subunits 1 and 2 were present in sharply reduced amounts, whereas subunits 5 and 12 were prominent in the precipitated complex. These observations suggest that association of subunits 1 
